Porcine circovirus (PCV) was isolated in 1974 (29) from the porcine kidney cell line PK/15 (ATCC CCL 31). PCV is widespread in various pig populations: antibodies to PCV were found in about 85% of sera from pigs destined for slaughter (6, 14, 31, 34) . No specific disease has been ascribed to it. PCV is a very small (17 nm in diameter), isometric, nonenveloped virus with a single-stranded circular DNA genome of 1,759 nucleotides (nt) (30) . The sequence of PCV has been determined (3) . Computer analysis has revealed six potential open reading frames (ORFs) (Fig. 1A) . To our knowledge, PCV is the smallest virus that replicates autonomously in mammalian cells.
To date, little is known about the molecular basis of DNA replication of PCV in its host cells. No PCV-specific replication protein has been characterized yet. Previous studies have demonstrated the existence of subgenomic PCV particles (33) . The so-called 5S form of the viral genome is a defective interfering particle. DNA from the defective interfering particle is single stranded, covalently closed, and of positive sense and represents a defined region of the viral genome. Our present investigations concerning the analysis of these subgenomic particles isolated from PCV-infected cell lines (1) revealed that all DNAs cloned from 5S particles, although of different sizes and with sequence deviations from the PCV genome, display similar structures (Fig. 1B ): they contain a fragment corresponding to the PCV genome from approximately position 340 to position 990 with a central deletion of about 100 to 200 nt. Whether this structure reflects a functional requirement or is caused by the mode of formation of 5S DNA is not yet known.
To identify the origin of DNA replication, we constructed a set of clones in which the structure of the 5S DNA was mimicked and varied. PCV fragments were cloned into vector pUC19 (Table 1 ) and tested for replication activity. Ten micrograms of plasmid DNA was mixed with 1 ϫ 10 6 to 5 ϫ 10 6 PCV-infected porcine kidney cells (line PSM [32] ) and pulsed with 250 F and 230 V (Bio-Rad electroporation unit). Cells were cultured for 48 h with one change of medium. Viral DNA was reisolated subsequently by a standard lysis protocol (13) and analyzed for replication by a DpnI assay (5 )decan)-4-yl)phenylphosphate] and NBT (4-nitro blue tetrazolium chloride)-X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) phosphate. Newly replicated plasmids are linearized by BamHI but are resistant to DpnI. The 773-bp insert of pOP1 (position 329 to 1101) showed replication activity detected by the DpnI assay (Fig. 2) when the construct was transfected into PCV-infected cells. As expected, no DpnI-resistant plasmid DNA was found when vector pUC19 was used as input DNA. When this experiment was repeated with PCV-free porcine kidney (PS) cells as a substrate for electroporation, no replication was observed for any tested plasmid (data not shown). This result demonstrates that the presence of PCV as a helper virus is necessary for replication of the investigated plasmids, presumably because it supplies one or more trans-acting replication factors. The finding further corroborates our previous observations that cloned 5S DNAs can replicate only in PCV-infected cell cultures (1) .
In pOP2, the insert is shortened by a deletion of nt 528 to 616, corresponding to the central deletion found in the 5S DNAs. Plasmid pOP2 was also active in the transient-DNAreplication assay (Fig. 2) . To investigate the role(s) of 5S DNA in replication, plasmids pOP3 and -4 were constructed (Fig. 1) . The DpnI assay revealed that plasmid pOP4, which carries the PCV fragment from position 617 to 1101 and matches the right part of 5S particles, had the capacity for replication, which was not observed with plasmid pOP3 (PCV position 329 to 526). When clones pOP5, -6, and -7, which combine the two fragments in different orders and orientations, were tested, no influence on the replication activity was found. Thus, nt 329 to 526, which correspond to the left fragment of 5S DNA, seem not to carry elements necessary for replication in the transientreplication assay. Since this fragment has been found in all 5S clones so far analyzed, it is reasonable to assume that it might serve a function other than in replication: perhaps it encodes a signal for packaging, the influence of which cannot be seen in the transient-replication assay, or its presence reflects the mechanism of formation of 5S molecules.
Plasmids pOP10 to pOP15 were constructed to further delimit the origin of DNA replication. The DNA replication assay revealed that the origin is located within the 111-bp BalI-HaeIII fragment (position 728 to 838 [ Fig. 3] ). This fragment is replicated in a transient-replication assay with PCV as a helper virus. Two smaller fragments (pOP13 and pOP15) did not show replication activity and may represent inactive origins in which control elements are deleted. This result is in agreement with sequence analysis of cloned 5S derivatives, which revealed that among the range of the right fragments of the 5S DNAs characterized, the shortest fragment (in clone 5S F13) spans from nt 691 to 816 (1).
The 111-bp fragment includes two conspicious sequence motifs which may serve as cis-acting elements in DNA replication (Fig. 4A ). (i) A 6-bp motif (5Ј-CGGCAG-3Ј) is found three times adjacent to an inverted repeat. The role of this 6-bp motif is unclear; it may be used as a binding site by a putative PCV-encoded replication protein. This theory is supported by the finding that some 5S DNAs contain several short repeats which include the 6-bp motif (1) . A related sequence (5Ј-GG TAGTAAGGTAG-3Ј) has been reported to be the binding site for the replication protein of tomato golden mosaic virus, (TGMV), a geminivirus (7). (ii) The sequence 5Ј-GAAGTGC GCTG-3Ј is inversely repeated and may form a stable stem structure (⌬GЊ ϭ 21.6 kcal/mol) (Fig. 4B) . The sequence 5Ј-T AGTATTAC-3Ј is found at the apex of the hairpin. Computer comparison revealed that this element connects PCV with two Table 2 ). The family Geminiviridae comprises a unique group of DNA viruses. They consist of three subgroups that differ with respect to insect vector, host range, and genome organization (17) . In the replication origins of all known geminiviruses, a sequence motif with the potential to form a hairpin structure and the recognition site of the essential viral replication protein is present. Within the loop of the hairpin an evolutionarily conserved sequence (5Ј-TAATATTAC-3Ј) is found. This sequence is very similar to the nonanucleotide found in PCV. Mutational analysis demonstrated that the 9-nt sequence in the geminivirus hairpin is an essential cis-acting element required for viral DNA replication (18, 23) . Recent results also demonstrate that the hairpin structure is essential for geminiviral DNA replication (22) . A rolling-circle mechanism with separate leading-and lagging-strand DNA synthesis steps is used for geminiviral replication. The initiation and termination sites for plus-strand replication have been mapped in vivo to the 9-nt motif conserved in all geminiviruses (11, 27) . It has been shown that the virion sense DNA strand is nicked between nt 7 and 8 of this motif (TAATATT2AC) during initiation of rolling-circle replication (12, 16, 26) .
A similar motif is found in the genomes of some so-called subterranean clover stunt virus (SCSV)-like viruses: SCSV (2), coconut foliar decay virus (CFDV) (25) , and banana bunchy top virus (BBTV) (9) . To date, only a single genome component of 1,291 nt has been identified for CFDV, while BBTV and SCSV are characterized by multipartite genomes consisting of at least six or seven distinct circular molecules, respectively, each of approximately 1 kb. In chicken anemia virus (CAV) (4), a different 9-nt element is found. In contrast to the replicons mentioned above, the 9-nt element is not located at the top of a hairpin structure. The nonanucleotide sequence of PCV also resembles the gene A protein cleavage sites of Escherichia coli phage X174 (5Ј-TG ATATTAT-3Ј) (10) and the gram-positive bacterial plasmid pC194 (5Ј-TGATAATAT-3Ј) (19) . In X174 and pC194, sitespecific single-strand cleavage provides the 3Ј-OH terminus needed for the initiation of plus-strand synthesis, and the nick is therefore part of the plus-strand origin of replication.
The homology to other replicons led us to the hypothesis that the hairpin and the conserved nonanucleotide element might play an essential role in PCV DNA replication. To test the significance of the nonanucleotide, a mutant of plasmid pOP4 in which the nonanucleotide was altered from TAGTA TTAC to CTGTATTAC was constructed by site-directed mutagenesis. A PvuII site was introduced into plasmid pAN26 with an in vitro mutagenesis kit (U.S. Biochemical Corp.) and the oligonucleotide 5Ј-GCG CTG GTA ATA CAG CTG CAG CG-3Ј (the newly generated PvuII site is underlined, and mutations with respect to the PCV genome are in boldface type). After a screen for plasmids containing the newly generated PvuII site, the mutation was verified by sequencing. The insert of the resultant plasmid, pAN26-mut5, was subcloned into vector pUC19 to construct plasmid pOP9. Transfected into PCV-infected cells, pOP9 showed a complete loss of replication activity as judged by the DpnI assay (Fig. 3) . Thus, the mutation of the nonanucleotide motif results in the inactivation of the origin of DNA replication of PCV. This observation demonstrates that the mutagenized nucleotides are essential for viral replication and underlines the importance of the 9-nt motif.
A second line of evidence for the association of PCV with geminiviruses and SCSV-like viruses is implied by the homology of their putative rep proteins. Although the trans-acting replication factor of PCV is not yet characterized, we propose that it is encoded by ORF 4. Comparison of the ORF 4 product's amino acid sequence to those of rep proteins of SCSV-like viruses (SCSV, BBTV, and CFDV) (2) and two representative geminiviruses (TGMV and maize streak virus [MSV] [20] ) by the PILEUP program of the Genetics Computer Group sequence analysis package revealed homology around the nucleotide binding motif (Fig. 5) . Homology of the putative nucleoside triphosphate binding domain GX 4 GKTMWARX 28 DD (conserved residues in boldface type) within a group of 13 geminiviruses was shown previously (8) . Mutational analysis demonstrated that this motif is an essential element for the activity of the rep proteins of the geminiviruses. A similar motif (GX 4 GKSQWARX 29 DD) is present in the derived amino acid sequence of ORF 4 of PCV. Additionally, three other motifs which, according to Koonin and Ilyina (15) , are typically associated with replication proteins involved in rolling-circle replication were found. Thus, the ORF 4 product was identified as the putative replication protein of PCV. When an evolutionary relationship between five rep proteins was calculated by the program TREE, we found that ORF 4 of PCV has more homology to the rep proteins of CFDV and SCSV (22 to 24%) than to the replication factors of MSV and TGMV (10 to 14%) ( Table 3 ). The classification of PCV, psittacine beak and feather disease virus (24) , and CAV in the new family of circoviruses (28) based on structural and biochemical similarities must be considered carefully with respect to their homology: no replication protein in CAV has been characterized to date, and our analysis of the three proteins described earlier (21) did not reveal extensive homology to the putative rep protein of PCV. To our knowledge, the sequence of psittacine beak and feather disease virus is not yet available. Since the putative rep proteins of PCV, SCSV, and CFDV show striking sequence homology, it seems reasonable to discuss a relationship between these viruses. Based on the analysis of the origin of PCV and its putative rep protein, it is likely that PCV also replicates via a a rolling-circle-type mechanism. cis-and transacting factors essential for PCV as well as the replication mechanism are currently under investigation.
Nucleotide sequence accession number. The EMBL accession number of the PCV DNA sequence is Y09921.
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